We test the hypothesis that the polarization vectors of flat-spectrum radio sources (FSRS) in the JVAS/CLASS 8.4-GHz surveys are randomly oriented on the sky. The sample with robust polarization measurements is made of 4155 objects and redshift information is known for 1531 of them. We performed two statistical analyses: one in two dimensions and the other in three dimensions when distance is available. We find significant large-scale alignments of polarization vectors for samples containing only quasars (QSO) among the varieties of FSRS's. While these correlations prove difficult to explain either by a physical effect or by biases in the dataset, the fact that the QSO's which have significantly aligned polarization vectors are found in regions of the sky where optical polarization alignments were previously found is striking.
INTRODUCTION
have reported intriguing alignments of polarization vectors of quasars at optical wavelengths. The presence of these alignments may possibly be in tension with the well-accepted concordance model of cosmology as they involve correlations between sources separated by comoving distances at the Gpc-scale.
Paying particular attention to instrumental biases, Jackson et al. (2007) compiled the JVAS/CLASS 8.4-GHz sample of flat-spectrum radio sources (FSRS) with polarization position angle (PA) measurements. As they have shown, rotation measures of the polarization vectors induced by Faraday rotation at 8.4 GHz are too small to destroy information about the intrinsic PA's. Therefore, any observed correlation of PA's among sources can be thought to be intrinsic to the sources themselves. Extracting from this sample 4290 FSRS's with polarized flux higher than 1 mJy, Joshi et al. (2007) searched for systematic alignments of radio polarization vectors of the type reported at optical wavelengths by Hutsemékers and collaborators, i .e. at cosmological scales. Their analysis did not reveal such large-scale alignments at radio wavelengths. From this claim, the recognized wavelength dependence of the polarization vector alignments has brought the model of axionlike particle (e.g. Das et al. 2005 , Payez, Cudell & Hutsemékers 2008 , Agarwal, Kamal & Jain 2011 as the favourite candidate to explain alignments at optical wavelengths. This model has however been observationally ruled out since it predicts non-negligible circular polarization which is not detected (Hutsemékers et al. 2010 and Hutsemékers 2011) .
⋆ E-mail: pelgrims@astro.ulg.ac.be Beside this analysis, Tiwari & Jain (2013) tested the uniformity of the polarization PA's considering roughly the same sample. They found significant evidences for alignments at distance scale of the order of 150 Mpc 1 . As the correlations are found at different distance scales, their study does not contradict the analysis of Joshi et al. (2007) . More recently, Shurtleff (2014) studied the correlation of the PA's for sources grouped in circular regions of 24
• radius. While not very significant, he reported indication of PA's alignments in two regions of the sky. Despite these analyses which involve different statistical tests and different samples which correspond to different cuts of the original dataset, the status of polarization PA correlation at radio wavelengths in not clear. Moreover, an analysis taking the redshift of the sources into account in still missing. The redshift dependence being an important characteristic of the alignments of quasar polarization vectors at optical wavelengths, it seemed important to us to take it into account in the analysis of the radio sample. Especially if one seeks the same signature at radio wavelengths as at optical wavelengths. Therefore, originally motivated by the redshift dependent analysis of this radio sample on the one hand, and by the recent and independent confirmation by Pelgrims & Cudell (2014) of the polarization alignments at optical wavelengths, on the other hand, we devote this study to a careful analysis of the uniformity of the polarization PA's of FSRS's belonging to the JVAS/CLASS 8.4-GHz surveys.
We introduce the data samples which are studied throughout this work in Section 2. In Section 3.1, taking the redshift of the sources into account, we investigate the polarization PA distributions of the FSRS's located in regions of the sky where the optical polarization alignments are the most significant. Stimulated by the detection of alignment in one of these regions, we perform a complete analysis of the entire dataset in Section 3.2, with and without accounting for the redshift. Having highlighted significant alignment signatures in the sample of quasars (hereafter, QSO), we search for their characterization in Section 4. We finally summarize our results in Section 5, bring arguments against and for the hypothesis of biases in the dataset and discuss a possible interpretation of the data. We conclude in Section 6 that the dataset of the polarization angle measurements of the JVAS/CLASS 8.4-GHz surveys are either not exploitable due to instrumental biases or, more excitingly, that we may have pinpointed large-scale alignments at radio wavelengths. As we use little known statistical tests throughout this work, we found necessary to discuss them. Thereby, the descriptions are brought together in the Appendix in order to keep a fluent reading.
DATA SAMPLE
The JVAS/CLASS 8.4-GHz catalogue is made of the JVAS (Jodrell-VLA Astrometric Survey) and the CLASS (Cosmic Lens All-Sky Survey) surveys that were gathered by Jackson et al. (2007) to build the largest catalogue of polarization measurements of compact radio sources, at that time, paying attention to biases on polarization measurements. We refer to Jackson et al. (2007) and references therein for a complete description of the catalogue and the surveys. In this catalogue, the total number of object having polarization measurements is 12.743 (see the on-line catalogue 2 ). Adopting the prescription of Jackson et al. (2007) and Joshi et al. (2007) , we retain the sources for which the polarized flux is higher or equal to 1 mJy in order to keep significant polarization detections only and to obtain an unbiased sample. When there is more than one object in a radius of 1 arcsec on the sky, we select the object with the highest polarized flux. This selection, which also eliminates multiple measurements, leaves us with a sample size of 4265 objects 3 . Led by a selection criterion used at optical wavelengths (see Hutsemékers 1998 , for a discussion), we further constrain the sample asking that σ θ 14
• , where σ θ is the error on the polarization PA. Out of the 4265 sources, 4155 satisfied the criterion. This sample, which we call All in the reminder, constitutes the largest sample for which we have robust polarization PA measurements from the JVAS/CLASS 8.4-GHz surveys.
Using the NASA Extragalactic Database 4 (NED), we identified a total of 3858 sources. We first used the automated mode "Near-Object/Position List" with a search radius of 0.1 arcsec. After manual clarification of multiple identifications, 3446 objects were found. For the 709 objects left, we used a search radius of 0.5 arcsec and found 412 additional sources, after having again manually clarified the multiple identifications. We stopped the procedure at this value of the search radius in order to ensure proper identifications. Out of the 3858 retrieved objects, 1531 have spectroscopic, and thus reliable, measurements of redshift, z.
The use of NED also leads to the classification of the sources. Table 1 reports the number of sources identified for each class of FSRS as well as the number of these sources for which we have redshift information. As it can be clearly seen, the QSO's represent 86% of the sample with redshift measurements. Hence, analyses and results involving samples with redshift information will mainly concern those objects.
UNIFORMITY OF POLARIZATION PA'S IN JVAS/CLASS 8.4-GHZ SURVEYS

Regions of optical polarization alignments
In Hutsemékers (1998), Hutsemékers et al. (2005) and recently in Pelgrims & Cudell (2014) , specific regions of the sky have been highlighted for which polarization PA's of quasars are found to be aligned at optical wavelengths. In the first studies, the two most significant regions were identified by eye and were called A1 and A3. In the latter and independent identification, Pelgrims & Cudell (2014) used a more unbiased method and highlighted regions N2 and S2. While less extended, the latter two regions were consistently found at similar locations in the 3-dimensional space. Here, as the sky coverage of the radio surveys and the optical catalogue are different, we choose to consider the most extended regions (A1 and A3) to ensure an overlap as big as possible. Furthermore, those regions have been the subject of various studies in the past. They are delimited in right ascension, declination and redshift by:
• A1: 168
• α 218
• ; δ 50
• and 1.0 z 2.3 • A3: 320
• α 360
• ; δ 50 • and 0.5 z 1.5
where α and δ refer to the right ascension and the declination of the sources, respectively. Joshi et al. (2007) addressed the question of uniformity of the polarization PA's of FSRS's from the JVAS/CLASS 8.4-GHz surveys in these regions and reported no obvious alignment. However, they did not introduce the cuts in redshift and thus, only considered the windows toward the A1 and A3 regions, defined by cuts in right ascension and declination only. As the redshift of the sources is an important characteristic of the alignments of optical polarization PA's, we perform a new analysis of these regions. It is nevertheless important to realize that the sky coverages of the JVAS/CLASS FSRS's and the studied quasars at optical wavelengths are different. In particular, the surveys at radio wavelengths do not contain data at δ < 0
• .
To study the polarization PA distributions of the A1 and A3 regions, we use the Hawley-Peebles test (Hawley & Peebles 1975 and Godłowski 2012) and the density test introduced in (Pelgrims & Cudell 2014) . We refer to Sections A1 and A2 for a description of these statistical tests. Considering samples of sources that are in a small region of the sky, these tests return the probability that the observed distribution of PA's is random and define the mean PA's (θ andθPC, resp.) which are relevant only in the case of non-uniformity.
The Hawley-Peebles test analyses PA histograms. The number of bins is a free parameter. We decide to use 18 bins of 10
• each, spanning the range 0
• − 180
• . This choice does not maximize the reported probabilities but is somehow justified by the fact that a bin width of 10
• corresponds approximately to twice of the mean of the errors of the polarization PA's under study.
The density test involves spherical caps of equal area. This area is fixed by the angular aperture of the cap (2η) which is the only parameter of the test. As discussed in the Appendix, it is useful to investigate a large range of values for η. Therefore, we explore here the range 2
• − 90
• for η and we report the probabilities pmin and p σ corresponding to the value of η for which p σ is the smallest. Results of the tests applied to the sub-samples extracted from the All(z) and the QSO(z) samples are shown in Table 2 . The hypothesis of uniformity of the polarization orientations is rejected at the level of at least 95% in the A3 region but not in the A1 region 5 . The discovery of this alignment is very intriguing, especially given the claim of Joshi et al. (2007) . To reconcile the analyses, we extracted the A3 window from the sample of 4155 FSRS's. Applying our tests to this sub-sample of 385 sources, we did not find any evidence for alignment and thus confirm the negative result of Joshi et al. (2007) (see Table 3 and Section 3.3 for further related discussions).
As a result, we contradict the claim of Joshi et al. (2007) which states that no alignment is present at radio wavelengths (8.4 GHz) inside the regions where the optical polarization vectors are found to be coherently oriented. This contradiction is likely due to the redshift cuts.
It is of interest to find out whether the alignment tendency observed in this region is an isolated structure inside the sample of FSRS's or if it is part of a major trend which was not recognized by earlier works. To this end, we shall address the question of uniformity of the polarization PA's for the complete JVAS/CLASS 8.4-GHz surveys, without restriction on the sky location, taking redshift into account and considering the subdivision of the sample into the different species.
Full sky coverage
To study the uniformity of polarization angle distributions for samples of sparse and non-uniformly scattered sources on the celestial sphere, tools have been developed by Hutsemékers (1998 ), Jain, Narain & Sarala (2004 , Hutsemékers et al. (2005) , 5 At first glance, the fact that we found alignment in the A3 region but not in the A1 region could be caused by a bad spatial overlap between radio and optical data in the A1 region. But the overlapping is not better in the A3 region. Joshi et al. (2007) and by Pelgrims & Cudell (2014) . The so-called S and Z tests, established by Hutsemékers (1998) and modified by Jain et al. (2004) to obtain coordinate-invariant statistics, are appropriate to assess the probability that the distributions of polarization PA's of local groups are due to statistical fluctuations considering the overall sample. We use these tests in this section. The intrinsically coordinate-invariant statistical test introduced in Pelgrims & Cudell (2014) being more useful for the characterization of correlations is used in Section 4. We do not use the other statistical tests as they are coordinate-dependent, this dependence growing with the angular distance between sources. They are thus not adequate to test the uniformity of the PA distribution over large scales.
The coordinate-invariant S and Z tests are extensively discussed in Section A3. These nearest-neighbour tests compute the probability that the polarization PA's are uniformly distributed in spatially defined groups of objects, making use of Monte Carlo simulations. For each realization, the PA's are reshuffled among the sources of the entire sample and a statistics is computed for each group of nv nearest neighbours. The percentage of Monte Carlo simulations having an average statistic (SD or Zc) as extreme as the one of the data defines the significance level (S.L.) of the test, i.e., the probability that the observed PA correlations inside groups can be attributed to statistical fluctuations in the entire sample. To evaluate the S.L., we set the number of random simulations to 1000, except contraindication. For the samples of Table 1 , we explore a wide range of values of the parameter nv (see Section A3.4 for the motivation of doing this). We span the range 4 − 400 (with steps of 2 and 20 for ranges 4 − 18 and 20 − 400, respectively), except for the sample of galaxies where we stop at nv = 200 for obvious reasons.
We first consider samples for which reliable redshift measurements are available. For these samples, both 2-and 3-dimensional analyses are applied, i.e. defining nearest-neighbour groups on the celestial sphere or in the 3D comoving space respectively. We then turn to the 2-dimensional analysis of the samples of Table 1 which are not constrained by redshift. For convenience, we give in Table 4 a summary of the results of these two tests applied to all the samples.
Samples with redshift measurements
As already mentioned, the sample of 1531 sources for which reliable redshift measurement are available is composed at 86% by QSO's. The second important population of this sample is that of galaxies. The redshift distributions of these samples are shown in Fig. 1 . Of course, the redshift distributions of the sample QSO(z) and the one of galaxies do not follow the same trend.
3.2.1.1 3-dimensional analysis. We discuss our results in term of a typical comoving distance L instead of the free parameter nv of the statistical tests. This typical scale is defined as being the median of the comoving distances between each central object and its nv-th nearest neighbour, the median being evaluated over the full sample under consideration. The line-of-sight comoving distances are computed assuming a flat Universe with the cosmological parameters: ΩM = 0.31 and H0 = 68 km s −1 Mpc −1 . We show in Fig. 2 (Top) the relation between the parameter value nv and the typical comoving distance for the samples we analyse in 3 dimensions. We applied the statistical tests to the sample of 1531 objects and to the subcategory of QSO, namely All(z) and QSO(z). We 
Results of the Hawley-Peebles and the density tests performed on the sub-samples corresponding to the A1 and A3 regions of optical polarization alignments. Sub-samples are obtained from both the All(z) and the QSO(z) samples. n is the size of the sub-samples, P HP is the probability given by the Hawley-Peebles test that the PA's are drawn from a uniform parent distribution andθ is the mean polarization PA returned by this method. p min is the local probability obtained with the density test for the half-aperture angle η to which corresponds the minimum global probability p σ computed with n sim random simulations. The mean angleθ P C is computed as explained in the text. Probabilities are given in percent. also considered the high redshift part of the latter, imposing z > 1. This restricted sub-sample is populated by 894 sources and is denoted QSO(z > 1).
Results of the S and Z tests are shown in Fig. 2 (Middle and Bottom, respectively). We did not find any significant evidence (S.L. < 5%) over a wide range of value of nv (or L ) for alignment of the polarization PA's in the sample All(z) and QSO(z). However a redshift dependence is possibly detected with the Z test as suggested in Fig. 2 (Bottom). Indeed, in the high redshift QSO sample, correlations of polarization PA's of sources inside groups of typical comoving radius of about 2 Gpc show a probability less than 1% of being due to statistical fluctuations.
2-dimensional analysis.
For the 2-dimensional analysis, the radial coordinate of the sources is fixed to r = 1, even though redshift measurements are available. We discuss our results in term of the typical angular separation ξ. The latter is defined as being the median of the angular separation between each object of the sample and its nv-th nearest neighbour. Fig. 3 (Top) shows the relation between ξ and nv for the three samples.
We show the dependence of the S.L. on the typical angular separation ξ in Fig. 3 . Significant correlations (S.L. < 5% over a wide range of ξ value) of the polarization PA's inside groups is observed for the three samples (All(z), QSO(z) and QSO(z > 1)) although the minima occur at different typical angular separations. Indeed, for the S test, the sample All(z) shows its minimum S.L. at 0.3 % for ξ ≈ 23
• and QSO(z) shows a small dip for the range of ξ ≈ 8 − 26
• with a minimum S.L. = 1.2 % for ξ = 18
• . The high redshift part of the QSO sub-sample (QSO(z > 1)) exhibits values of the S.L. below 1% for smaller angular separation (ξ 10
• ). These features are somehow confirmed by the Z test as seen from Fig. 3 (Bottom) . For this test, the minimum S.L. value of the sample QSO(z) is found to be as low as 0.3 % for ξ ≈ 23
• and the sample QSO(z > 1) shows S.L. below 1% for ξ 10
• with an additional dip around ξ = 34 • .
Full samples with different object types
Analysing samples with redshift measurements in two dimensions, we have found significant correlations (S.L. < 5% with minima < 1%). It is therefore interesting to also perform the 2-dimensional analysis on the other samples of Table 1 , i.e. on the samples not restricted by the availability of the redshift of the sources. We thus consider the sample of 4155 sources as well as its four sub-samples with different object types. We show in Fig. 4 (Top) the relations between nv and ξ for these five samples. The results of the S and Z tests are shown in Fig. 4 (Middle and Bottom respectively).
For small values of nv (from 6 to 10), we found indications of alignments in the sample All as the S and Z tests return S.L. values at the percent level (1.1% and 1.2%). These indications of alignments are reminiscent of the correlations highlighted by Tiwari & Jain (2013) at the scale of ∼ 150 Mpc. The reasons why we found less convincing correlations are likely that (i) we consider a different sample 6 and (ii) that we use a different statistics. For large values of nv, alignments are detected with S.L. below 5% over a wide range of ξ only for the sample QSO. The 
Figure 2. 3D analysis of the samples with redshift measurements. Top: Relation between the parameter nv and the typical comoving separation L in Mpc for the samples All(z), QSO(z) and QSO(z > 1). Middle and Bottom: Significance level obtained with the S and Z tests (resp.) as a function of the typical comoving distance L for the three samples. The 5% and 1% S.L. are indicated.
S.L. of the S test applied to QSO exhibits a dip for nv between 40 and 140, reaching the value of 0.7 % for nv = 60 and 80. The range of typical angular separations involved in these correlations is ξ ≈ 12
• − 24 • , with stronger correlations for the range 14.5
• − 17.5
• . The Z test exhibits a large dip for the range nv = 40 − 200 with the minimum S.L. of 0.12 % for nv = 140, implying correlations at ξ ≈ 24
• . Those correlations of polarization PA's involve QSO's separated by large distances on the celes- 
Figure 3. 2D analysis of the samples with redshift measurements. Top: Relation between the parameter nv and the typical angular separation ξ in degree for the samples All(z), QSO(z) and QSO(z > 1). Middle and Bottom: Significance level obtained with the S and Z tests (resp.) as a function of the typical angular separation ξ for the three samples. The 5% and 1% S.L. are indicated.
tial sphere and confirm the detection made in the sample QSO(z) (with redshift measurements) in Section 3.2.1.
For such angular scales, the distributions of the polarization PA's of the other samples (All, RS, G and V O) are in good agreement with the hypothesis of uniformity. Let us emphasize that these large-scale correlations are not observed for the category of radio sources (RS), even though the sample size is comparable to the one of QSO (see Table 1 ). Table 1 . Middle and Bottom: Significance level obtained with the S and Z tests (resp.) as a function of the typical angular separation ξ for the five samples. Note that the S.L. value of the sample QSO for ξ ≈ 24 • (nv = 140) has been computed with 10 4 random simulations.
Preliminary results
So far, studying the polarization PA's of different samples drawn from the JVAS/CLASS 8.4-GHz surveys, we have found significant alignments in some of these samples; first, in one of the regions where the optical polarization vectors were found to be aligned and second, in the QSO all-sky survey.
Regarding the A3 region, a few reasons might lead to the differences between our findings and the conclusions of Joshi et al. (2007) . As already mentioned, when these authors analysed the socalled A1 and A3 regions, they did not constrain their sample with regard to the redshift, which is an important characteristic of the optical polarization alignments. They applied their Nearest Neighbour Test to the full sample restricted to the sky window of the A3 region, i.e. introducing cuts in right ascension and declination only (see Section 3.3 and 5 of Joshi et al. 2007 ). The first possible cause of divergent results is a redshift dependence of the alignments at radio wavelengths as at optical wavelengths, so that taking all the sources in the window regardless of their redshift blurs the alignment. Alternatively, the comparison of the last two columns of Table 2 suggests that alignments are more pronounced for QSO compared to the other types of objects.
In order to test these two scenarios, we performed an analysis of the samples obtained by imposing the A3 window cut on the different samples of Table 1 . Results of the Hawley-Peebles test and the density test of Pelgrims and Cudell are shown in Table 3 . Correlations between polarization PA's are observed when we consider the A3 window cut of the samples QSO, QSO(z) and All(z), but no deviation from uniformity is detected for the A3 window cut of All, in agreement with the result of Joshi et al. (2007) . Comparison of the last two columns of Table 3 teaches us that adding the other species to the QSO sample completely blurs the alignments. This simple observation argues for the scenario in which the species selection is at the origin of the detection of the correlations. This scenario is reinforced when we consider the A3 window cut of the sample RS. For this sub-sample of 138 objects, we found that the distribution of the polarization PA's is in agreement with the hypothesis of uniformity. Comparison of Tables 2 and 3 does not allow us to conclude on a possible redshift dependence of the polarization alignments. This is partially due to the lack of redshift information for species other than QSO's.
In the full sample we highlighted alignments involving sources separated by typical angular scales of about 20
• . For the samples with redshift measurements, the large-scale correlations are observed to be more significant with the 2-dimensional analysis than with the 3-dimensional one. Considering samples that are not limited by the redshift availability, we also pinpointed that the large-scale correlations mainly concern the category of QSO as it was already suggested during the study of the A3 window in Section 3.1.
As a conclusion, we find that the polarization PA's of the JVAS/CLASS 8.4-GHz surveys show correlations in groups of QSO's with an angular radius of about 20
• . The significance level at which these correlations can be attributed to statistical fluctuations in the sample of QSO is found to be as low as ∼ 0.1% for ξ ≈ 24
• with the Z test.
IDENTIFICATION OF REGIONS OF ALIGNED POLARIZATIONS
For the correlations highlighted in the previous section, it would be of interest to figure out if the alignments detected at typical scales of ξ ≈ 15
• − 25
• are due to a global trend across the whole sky coverage of the survey or if they are prominent in some regions of the sky, as it seems to be the case at optical wavelengths.
To this end, we proceed to the identification of the groups of sources with distributions of polarization PA's that show significant departure from uniformity. The fact that these groups are clustered 
Summary of the application of the S and Z statistical tests to all samples of Table 1 . For each test, we report the value of the minimum S.L. with the corresponding nv parameter and its attached typical scale (L or ξ for the 3-or 2-dimensional analysis, resp.). We only show results when the S.L. of the sample is found to be below the threshold of 5% for a wide range of nv. All S.L. have been evaluated with 1000 Monte Carlo simulations except the smallest one (marked by an asterisk) for which we had to use 10000 simulations.
in space or not tells us whether the correlations of polarization orientations are due to well localized objects or to a general trend. This identification can, inter alia, be achieved with the help of the S and Z tests. For clarity, we give the details for the S test. Also, note that we limit our search to the 2-dimensional analysis of the sample QSO since it revealed the most convincing evidence of departure from uniformity with confidence level higher than 99% for the range of ξ ≈ 14.5
In Section 3.2, local statistics Si were computed for each nearest-neighbour group and these statistics have been computed for each simulated dataset. We attribute to each central source i the quantity si which tells how much the corresponding group of nearest neighbours contributes to the global statistics SD. This quantity is defined as si = ( Si − S ⋆ i ) /2σi, where S ⋆ i is the statistics obtained for the observed dataset (see Eqs. A1 and A2) and where Si and σi are the mean and the standard deviation of this statistics evaluated over the whole set of simulations. The bigger the value of si, the more the group contributes to SD. A group of nearestneighbour objects is considered as contributing significantly to SD if si sc, for a given threshold sc.
Of course we shall search for the identification of the most significant groups, i.e. consider the si quantities computed with the parameter nv chosen such that SD is the smallest (see Table 4 ). To visualize the sky location of the most significant groups we produce maps which highlight their central sources. Note that these maps do not critically depend on the choice of nv. These maps are equal area Schmidt projection (e.g. Fisher et al. 1987 ) of the northern hemisphere (in equatorial coordinates). This choice is suitable for the considered dataset as it covers only positive declinations. We also plot (the grey bold lines) the limits of the A1 and A3 windows defined in Section 3.1. Let us insist on the fact that only the northern part of these limits are shown. The A1 and A3 windows defined from the analysis at optical wavelengths extend to the South hemisphere which is not displayed here.
The identification map corresponding to the S test (in 2D) for Parameters are fixed to nv = 80 (see Fig. 4 (Middle)) and two threshold values: sc = 2.5 (lighter points) and sc = 3.0 (darker points), respectively cyan and light blue (color on-line). Identification maps are equal area Schmidt projection of equatorial coordinates. Only the equatorial north hemisphere is displayed with the north pole at the centre of the map. Grey circles are parallels of declinations 0 • , 30 • and 60 • and grey diagonals are meridians of right ascensions being multiple of 45 • . The curved dashed line is the Galactic equator, the North and the South Galactic caps being respectively above and below the line. Grey bold lines are northern boundaries of the A1 and A3 regions of optical polarization alignments (see text). Small black dots are locations of the 1450 sources of the sample. Highlighted sources are objects for which corresponding neighbours show a polarization PA distribution that is unlikely due to chance. the sample QSO with the parameters nv = 80 and sc = 2.5 is shown in Fig. 5 . As one can see, the highlighted central sources cluster in three or four groups along with other more sparse and/or isolated locations. When pushing sc up to 3 (darker points), only the cluster with right ascension α ∼ 206
• and declination δ ∼ 38
• remains. Following this analysis, it is likely that the significant departure from uniformity in this sample is due to polarization alignments in a few groups of QSO's. It is intriguing that two of them are found in the A1 and A3 windows. In order to put the latter identification of aligned regions on stronger grounds, we may use other tests. The Z test also reveals significant non-uniformity. For the QSO sample and the parameter value nv = 140, it leads to the map shown in Fig. 6 which is in relatively good agreement with Fig. 5 although it shows more scattered clusters.
Also, we find relevant to proceed to a complementary identification using the density test of Pelgrims & Cudell (2014) . As this test does not depend explicitly on the number of nearest neighbours (while it is encapsulated within the statistics), local groups can be defined by a physical angular scale, denoted Ω. In order to carry out an identification as close as possible to those produced with the S and the Z tests, we found necessary to split each sample in its two Galactic hemispheres to determine the physical scale at which local groups have to be defined. Indeed, the density of the data points in the North Galactic cap and the South Galactic cap are different. In the sample QSO, the typical angular separation corresponding to nv = 80 is ξ ≈ 17
• and corresponding to nv = 140 is ξ ≈ 24
• (cf. Fig. 4 (Top) ). However, by splitting the sample in its northern and southern Galactic parts, we obtain ξN ≈ 16
• and ξS ≈ 23
• for nv = 80 and ξN ≈ 21
• and ξS ≈ 33
• for nv = 140, respectively. Given these values, we decided to define local groups in 2 dimensions with angular scales ΩN = 20
• for the North and ΩS = 30
• for the South. As we search for the characterization of the polarization PA distribution of each group taken as a whole, we shall not investigate values of η (the free parameter of the method) below the respective angular separation, i.e. below the imposed angular scales. We arbitrarily chose η = 40
• and η = 50
• for the North and the South, respectively. The identification map computed with these parameters is shown in Fig. 7 . We checked the robustness of the map with other pairs of values such as (ΩN , ΩS) = (15
We also checked the stability of our results using other values of η. Note that we did not search for the optimal value of η, i.e. the one which would give the lowest probabilities, as the method undergoes edge effects. We rather spanned the range of 20
• to 60
• with step of 5 • and found consistent maps. Although a close examination shows discrepancies in the precise locations of central sources of neighbouring groups, comparison of maps presented in Figs. 5, 6 and 7 reveals relatively good agreement, especially for the cluster at (α, δ) ∼ (206
In order to define more precisely the limits of regions of polarization alignment, we proceed as follows. To each central source corresponds a group of nearest objects (defined via the parameter nv or Ω). A highlighted central source is said to form a cluster along with (an)other highlighted source(s) if it belongs to the group of nearest objects of the latter. A central source is discarded from a cluster if it is not in the neighbourhood of a sufficient percentage of central sources forming this cluster (e.g. ∼ 60%). Reproducing this test for all highlighted objects, we end up with identification of independent clusters. We finally add to the cluster the nearest neighbouring objects of each central sources, paying attention to duplication. Although this procedure is rudimentary, it is sufficient for our goal. Table 5 . Identified regions from the 2-dimensional analysis of the sample QSO with the S, Z and density tests. Regions are intersections of those given by each test (see text). The two first lines are for the regions located in the North Galactic cap and the third is for the region of the South part. They are named RN1, RN2 and RS1, respectively. n is the number of members belonging to the region, (α, δ) CM refers to the position of the normalized vectorial sum of the source locations of the region,ξ and ξmax are the mean and the maximum value of the angular separations of sources to (α, δ) CM . P HP andθ are the results of the Hawley-Peebles test.
We thus end up with three regions for each of the three tests. We decide to define our final regions as being the intersection of the regions from the different tests. We report the final regions of alignments in Table 5 with some characteristics and the result of the application of the Hawley-Peebles test on their polarization PA distributions.
As a result, we identified three well-defined regions of the sky in which QSO's show coherently oriented polarization vectors. Two of these regions are located in the North Galactic hemisphere of the sky and one toward the South. Considering the southern cap, it is worth to remark that more than 85% of the sources of the sub-sample identified here belong to the A3 window defined from the region of optical alignment discovered by Hutsemékers et al. (1998 Hutsemékers et al. ( , 2001 Hutsemékers et al. ( , 2005 . To the North, the identified regions are somehow located at the edges of the A1 window of optical alignment, one outside at low declination and the other inside at high declination. We call them RN1 and RN2, respectively. It is again worth mentioning that more than 70% of the sources of the RN2 subsample identified here belong to the A1 window.
It is remarkable that our region RN2 coincides with the main aligned cluster resulting from the independent analysis of Shurtleff (2014) . Consistent with our previous results, we report a stronger alignment than he did as we only consider the species of QSO.
In order to visualize the alignment patterns, we show in Fig. 8 the equatorial-coordinate maps of the normalized polarization vectors of the identified regions along with their corresponding polarization PA histogram. Some structures can be spotted out by eye. This is better seen in the region RN1 (see Fig. 8 (Top) ). The statistical tests used throughout this study do not allow us to better search and characterized such structures. This task is far beyond the scope of this paper and would request dedicated algorithms to compute the likelihood of structures of aligned polarization vectors in a random sample.
INTERPRETING THE RESULTS
So far we found that the polarization vectors of QSO's being in groups having angular radius of about 20
• have correlated orientations. We showed that these groups cluster in three independent regions of the sky and that to each of these corresponds a different preferred polarization PA.
Are the data contaminated by systematics?
The preferred angles for the two northern regions are found to have values close to 45
• and 135
• . These values, being very particular, lead us to consider the possibility that the correlations we found are due to biases in the dataset (see Battye, Browne & Jackson 2008 ). This hypothesis, being a priori difficult to reconcile with the local character of the alignment features, could potentially explain that they are better detected with the 2-dimensional analysis than with the 3-dimensional one. In this sense, and contrary to what Jackson et al. (2007) and Joshi et al. (2007) claimed, we also find evidence for a global non-uniformity inside the polarization dataset. Using the Hawley-Peebles test, the probability that the distribution of the 4155 objects is uniform is found to be PHP = 2.7% (withθ ∼ 51
• ). This non-uniformity of the overall polarization distribution of the sample All argues for the hypothesis of a biased dataset. However, consistently with our previous results, this nonuniformity is found to come from the sub-category of QSO as we find PHP = 1.1% (withθ ∼ 57
• ) for this sample and that removing the QSO's from the sample All leads to PHP = 44.5%
7 . This result together with the previous evidence for alignment of QSO's and not for the other species is awkward to reconcile with an observational bias, as there is no reason for a contamination of the polarization data for the species of QSO and not for the others, as we shall see.
Comparing the properties of the samples QSO and RS (which have a comparable number of objects), we note some differences. As illustrated by the Fig. 9 , their polarization characteristics at radio wavelengths do not follow the same parent distribution. However, we do not find obvious reasons why the sample QSO would be more affected by observational biases than the sample RS as the QSO sample shows higher total and polarized flux. Table 5 . The distribution on the sky of the two samples is also different. While the sample QSO is almost homogeneously distributed over the sky, the sample RS is far from being so. In order to test the possibility that it is the difference of sky distribution that is responsible for the detection of alignments for QSO and not for RS, we test the uniformity of the polarization PA of the RS's belonging to the regions of alignments of Table 5 . The overlap is very poor for the regions in the North Galactic hemisphere: only 32 RS's are found in each of the RN1 and RN2 regions. To the South, however, there are 165 RS's in the RS1 region. The Hawley-Peebles test does not reveal departure from uniformity, neither taking RS's alone or mixing them with the QSO's of this region 8 . Therefore, while the bad overlap between the QSO and RS samples in the northern regions could explain the difference in the alignment detection, this is not the case to the South. We thus conclude that the difference of sky distribution is unlikely responsible of this difference.
Similarly to an instrumental bias, contamination by foreground polarization would affect more strongly the sample of RS's than the one of QSO's as the polarized flux is globally smaller for RS (see Fig. 9 (Top) ). This is again in contradiction with what is observed. The contamination by foreground polarization is thus unlikely responsible for the observed correlations of the polarization PA's of QSO's.
Are the polarization alignments real?
As polarization is usually correlated to the morphological axis of the object (e.g., Saikia & Salter 1988 , Lister 2001 , Pollack, Taylor & Zavala 2003 , Smith et al. 2004 and Marin 2014 , there might be real differences between the classes of QSO and RS. Indeed, the core dominated FSRS's are predominantly quasars or BL Lac objects in which the jet is oriented close to the lineof-sight (see Jackson et al. 2007 ). The majority of the sources belonging to the sample RS is thus expected to be BL Lac objects which are thought to be viewed at very small angles to the lineof-sight. Consequently, they are expected to show rapid variations (< 2 years) of their polarization PA and to be more strongly polarized than quasars, which is what we observe in Fig. 9 (Bottom) . Also, for this class of object, no net correlation between the jet orientation and the polarization PA has been reported (e.g. Pollack et al. 2003 , and references therein). These observational facts could bring an explanation to the absence of alignment signatures for the sample of RS's within the hypothesis that polarization alignments reflect morphological-axis alignments of the sources, as supported by the recent discovery at optical wavelengths of such correlation for one of the most largest known quasar group at z ∼ 1.3 (Hutsemékers et al. 2014) . The latter hypothesis is also reinforced by the discovery of large-scale alignments of the jet position angles of active galactic nuclei in the ELAIS N1 field by Jagannathan & Taylor (2014) and Jagannathan (2014) . The fact that radio and optical alignments are found in the same parts of the sky also supports a real effect. In this framework, one would have to compare the alignment patterns observed at optical wavelengths with these at radio wavelengths. However, given the bad overlap between the sky coverage of the radio and optical catalogues, a detailed comparison is not straightforward.
CONCLUSION
We tested the hypothesis that the polarization position angles are randomly distributed among the FSRS's contained in the JVAS/CLASS 8.4-GHz surveys presented in Jackson et al. (2007) . We performed the analysis in two and three dimensions, accounting for the distribution of the sources on the sky (2D) and additionally for their line-of-sight comoving distances (3D). The polarization orientations of radio quasars (QSO sample) show low probabilities to be consistent with the hypothesis of randomness. This departure from uniformity is likely due to correlations of polarization vectors of QSO's in groups of angular radius of about 20
• . A basic identification procedure showed that these groups cluster in three distinct regions of the sky. Two of them fall in the A1 and A3 windows of the sky where optical polarization alignments were found (Hutsemékers et al. 1998 (Hutsemékers et al. , 2001 (Hutsemékers et al. , 2005 . Among sources in the JVAS/CLASS sample, only the class of QSO exhibits such large-scale correlations. If real, such alignments at radio wavelengths would support the interpretation of alignments at optical wavelengths by spin-axis alignments (Hutsemékers et al. 2014 ). However, our findings prove to be difficult to interpret either as resulting of biases in the dataset or as being the signature of a physical effect. Indeed, one can find arguments for and against each scenario. Among them, the fact that the alignments are more pronounced in 2D than in 3D and that the mean PA's are multiple of 45
• in some regions would suggest a biased dataset whereas the detection of alignments for one class of object but not for the others and the clustering of aligned sources in a few regions of the sky consistent with those found at optical wavelengths might be seen as the signature of a physical effect.
In conclusion, we highlighted correlations between the radiopolarization vectors of quasars which could demonstrate the presence of the same kind of alignment effect as seen at optical wavelengths, or alternatively, which could demonstrate that the radio polarization catalogue is affected by observational biases and thus cannot be used to study the polarization orientations of flatspectrum radio sources. Therefore, the claim by Joshi et al. (2007) stating that, at radio wavelengths, there is no alignment signature of polarization vectors on cosmological scales of the type found at optical wavelengths should be seen with caution.
More data are clearly needed to assess either the reality of polarization alignments at radio wavelengths or the presence of residual biases in the JVAS/CLASS 8.4-GHz radio polarization samples.
Smith J. E., Robinson A., Alexander D. M., Young S., Axon D. J., Corbett E. A., 2004 , MNRAS, 350, 140 Tiwari P., Jain P., 2013 
APPENDIX A: STATISTICAL TESTS
To investigate the polarization PA correlations and to address the question of uniformity of their distributions, we use several statistical tests in this paper. These are the Fourier method of Hawley & Peebles (1975) , the density test of Pelgrims & Cudell (2014) and the S and Z tests of Hutsemékers (1998) . For the sake of completeness and as they are little-known tests, we hereafter present a brief description of those.
A1 The Hawley-Peebles Fourier method
The Hawley-Peebles test (Hawley & Peebles 1975 ) is one of the common methods used to study the alignments of galaxies. It is based on fitting the observed distribution of PA's by a model of the form N (θ i ) = N (1 + ∆ 1 cos 2θ i + ∆ 2 sin 2θ i ) whereN is the mean of the number of objects per bin and N (θ i ) is the observed number of objects in the bin centred in θ i . The number of bins is a free parameter. ∆ 1 and ∆ 2 are the coefficients of the wave model which describe the degree of deviation of the distribution from being uniform. If the PA's are not uniformly distributed the mean position angle is given byθ = (1/2) arctan (∆ 2 /∆ 1 ). A good measure of departure from uniformity is the total amplitude ∆ 2 = ∆ 1 2 +∆ 2 2 . As easily understood, the bigger the value of ∆, the less uniform the distribution. The probability that the total amplitude exceeds by chance a given value of ∆ is computed to be approximately P HP = exp −n∆ 2 /4 where n is the number of objects in the sample. However, as far as small samples are considered, random simulations are required as the distribution of ∆ differs from a normal Gaussian and as this approximate relation fails far out in the wings (see Godłowski 2012, for a detailed discussion). For the simulated samples, polarization PA's are uniformly generated and distributed among the sources. The probability P HP is then simply given by the percentage of random realizations having a ∆ value higher or equal than that of the data. In this work, we tested all reported probabilities using random simulations and we only found marginal differences compared to those given by the approximate relation. These are actually smaller than the variations caused by the choice of the number of bin. We decided to report only the probabilities computed through the Gaussian approximation. It is worth to mention that this statistical test is also dependent of the coordinate system in which PA's are defined. However, as we use this test to study the uniformity of the polarization PA distributions inside relatively small regions of the sky and that the declinations of these regions are not too high, the changes are expected to be small.
A2 The density test of Pelgrims & Cudell (2014)
The intrinsically coordinate-invariant statistical test developed in Pelgrims & Cudell (2014) introduces a polarization space (a 2-sphere) and treats polarization as points on it. The study of the density of these points allows a direct highlight of the direction for which an unexpected overdensity is observed. For a given sample of sources a preferred direction is thus automatically allocated, to which corresponds a semi-analytically computed probability. This local probability, denoted by p min and being the p-value of a Poisson-Binomial distribution, gives the likelihood that the observed density toward the given direction is due to chance, i.e. assuming a uniform distribution for the polarization PA's. A global probability, computed through Monte Carlo treatment, is also introduced and is denoted by p σ . For a given sample, this global probability answers the question of the likelihood of a detected significant over-density without concern of its direction. We refer to Pelgrims & Cudell (2014) and Pelgrims (2014) for a complete description of this new test and for a discussion. Note however that throughout the study of the density of polarization points on the sphere, spherical caps having half-aperture angle η are used. This angle is the only parameter of this test and is strongly related to both the sky distribution of the sources and the strength of the alignment of the polarization vectors. It is therefore necessary to explore a large range of value of η. However, as this is the case with the bin width value for simple binomial tests on histograms, this method undergoes edge effects. A search for the very optimal value of η is therefore ambiguous.
During our analysis (e.g. in Section 3.1) we report the mean position angleθ PC for a given distribution. It is computed with respect to the spherical basis vectors e φ , −e θ CM at the location given by the normalized vectorial sum of the source positions. This quantity has a meaning only when the maximum angular separation between studied sources is not large and when the position angle distribution is not uniform.
A3 S and Z statistical tests
A3.1 The S test
The S test was developed by Hutsemékers (1998) in order to detect and statistically characterize the alignment features of polarization vector orientations which were first visually detected. This test is based on dispersion measures of PA's for groups of nv neighbouring sources among the sample. For each object, the quantity
is computed, where the θ k 's are the polarization PA's of the objects of the group, including the central one, in degree. For the object i, the mean dispersion of the PA's of the nv objects is computed to be the minimum value of d(θ) and is denoted S i . If n is the size of the whole sample under consideration, the statistic with the free parameter nv is defined as
S D measures the concentration of angles for groups of nv objects close to each other in space (in 2 or 3 dimensions, as we shall see later). If the polarization vectors are locally aligned, the value of S D will be smaller than in the case where the PA's are distributed following a uniform distribution on the objects. The significance level (S.L.) to which one may assign the observed alignment to chance is evaluated through simulated datasets. Those are created by generating PA's according to a uniform distribution or by shuffling the observed PA's among the sources of the sample. This second procedure is found to be more appropriate to the detection of correlations between polarization PA's and the source locations (see, Hutsemékers 1998). This procedure is chosen in this work each time we resort to dataset generation for the S and Z tests. The percentage of simulations with a value of S D lower than that of the data gives the S.L., i.e., the probability that the distribution of position angles is due to chance.
A3.2 The Z test
The Z test is a non-parametric test originally introduced by Andrews & Wasserman (Bietenholz 1986) to quantify the correlation between the PA's and the position of sources on the sky. Its basic idea is to compute for each object i, the mean directionθ i of its nv neighbours, excluding this time the central object i, and to compare this local average to the actual polarization PA of the object i, namely, θ i . Specifically, the PA's of the nv nearest neighbours around each object i but excluding the latter, are used to computed the mean resultant vector
where the factor 2 accounts for the axial nature of the polarization. The mean directionθ i is given by the normalized mean vectorȲ i through c 2015 RAS, MNRAS 000, 1-13
A measure of the closeness of θ i toθ j is the inner product D i,j = y i ·Ȳ j , where y i = (cos 2θ i , sin 2θ i ). If the PA's are correlated to the source positions, then, on average, θ i will be closer toθ j=i than toθ j =i which, in turn, implies D i,j to be larger for i = j than for i = j. An approximately normally distributed statistic Zc is computed from these quantities as follow (cf. Bietenholz 1986):
where
and where r i is the rank of D i,j=i , when the D i,j=1,n 's are sorted in increasing order and n is the size of the studied sample. As correlations of PA's with source positions induce large D i,j=i , Zc is expected to be larger than zero if polarization vectors are coherently aligned. Despite the fact that the Zc statistic is approximately normally distributed, simulations are needed to evaluate the S.L. because of the mutual dependence of the D i,j=1,n , especially for large values of nv. Therefore, as for the S test, the S.L. is given by the percentage of simulations that show greater value of Zc than the one corresponding to the observations. A modification of the Andrews & Wasserman test was proposed by Hutsemékers (1998) . Instead of considering the inner product withȲ j , he proposed to compute D i,j = y i · Y j . This definition gives more weight to the groups of sources having similar PA values. Indeed, aligned polarization vectors imply a large norm of Y i which provides a natural measure of the dispersion of the position angles and leads to a large D i,j . Apart from this variation, the modified statistic is computed in the same way as the original test of Andrews & Wasserman. In this work, we use this modified version when we refer to the Z test as it is more sensitive to local alignments and thus, more adapted to the search for such features.
A3.3 Parallel transport for coordinate-invariant statistics
The PA's of quantities which are transverse to the line-of-sight to their corresponding sources, i.e. projected in the planes orthogonal to these directions, are dependent of the coordinate system in which the source positions are reported. As the changes of PA values depend on the source positions, results of statistical tests change from coordinate system to coordinate system. In order to overcome this coordinate dependence, Jain et al. (2004) modified the S and Z tests introduced above.
Instead of computing statistics directly from the PA's each evaluated with respect to their own meridian, they introduced correction to the PA's that involves the relative sky positions of the sources. In order to compare in a coordinate-invariant manner the PA's of two sources separated on the celestial sphere, Jain et al. (2004) did parallel transport the polarization vector of one source to the other. The parallel transport is performed along the sphere geodesic passing through the positions of the two sources. The idea is thus to add a correction term to the PA values, this correction being simply the difference between the angles that forms the geodesic with one of the basis vectors at the locations of the two sources. Therefore, while evaluating Eq. A1 or Eq. A3 for each central object i, the polarization PA's of the nv neighbouring sources are transformed as
where each ∆ k→i is the correction due to the parallel transport of basis vectors from the position of the source k to the position of the source i (see Jain et al. 2004 , for further details). Apart from this modification, the statistical tests are performed as explained above 9 and lead to coordinate-invariant results, as wanted.
